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Abstract 
This paper describes a water leak test of roof tiles. The 100 roof tiles were set up on 10 lines and 10 rows on the pitched roof in 
the downstream of the flow from the wind tunnel. The flow velocity was increased gradually from the low velocity to the high 
velocity, and the effects of the wind on the roof tiles were investigated by the water leak test. The situation of the water leak test 
was filmed by video camera. Two accelerometers were simultaneously used. The roof tiles which showed significant vibration at 
any velocity were found in a series of experiments and the accelerometers were attached to the two neighboring roof tiles on the 
model roof. The water leak phenomena in the experiment by using the artificial rainfall apparatus are discussed in this paper. 
Some mechanisms with relatively large amplitudes at low-frequency vibrations, which caused water leak phenomena were made 
clear. 
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1. Introduction 
Strong winds not only result in tile scattering leading to damage of tiles, but also result in water leak 
 
 
* Satoru Okamoto.  Tel.:+81-852-32-6478; fax:+81-852-32-6478. 
E-mail address:okamoto@cis.shimane-u.ac.jp. 
© 2012 Published by Elsevier B.V. 
Selection and peer review under responsibility of Information Engineering Research Institute
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
48   Satoru Okamoto /  IERI Procedia  1 ( 2012 )  47 – 52 
 
damage. Heretofore, the authors have focused their attention on vibrations which bring about the preliminary 
phenomena eventually leading to scattering of the tiles due to the effects of the wind, and have sought to 
understand the mechanism of these vibrations. Consequently, the authors have been able to connect together 
the mechanism and the preliminary phenomena of the occurrence of tile vibration induced by fluid flow [1], 
[2]. In accordance with these results, in this paper the authors have gone beyond the conventional 
understanding of water leakage amounts, aiming to establish experiment methods and to clarify the
mechanism of the occurrence of water leak phenomena with a purpose to investigate the previously unknown 
influence exerted by the vibrations upon water leaks, carrying out measurements using a video camera and an 
acceleration sensor. 
 
Nomenclature 
f             frequency                                                    F         overall inundation amount 
m           mass                                                            t           time 
Q           water leakage amounts                               QT            water leakage amounts 
U           upstream flow velocity                               X          streamwise coordinate 
Y            transverse coordinate                                 Z           perpendicular coordinate to surface of roofing tile 
W           width of wind tunnel nozzle                               acceleration 
            pitch angle                                                           flow angle 
2. Test Facility and Analysis Procedure 
Figure 1 shows an overview of experimental apparatuses and measurement devices. The wind tunnel is 
6000 mm in total length, while the axial flow blower is driven by a three-phase induction motor. A 1250 × 
400 mm nozzle is used as the wind tunnel exit nozzle. The maximum exit nozzle wind velocity is 
approximately 40 m/s. Flow velocity distribution nonuniformity was within a maximum of ±7%, while 
turbulence intensity against the main flow velocity was 1 – 2%. In order to eliminate the influence (boundary 
conditions) of the model roof part and recreate a model roof in compliance with JASS12 [3] specifications, a 
total of 100 actual roof tiles (in ten rows of ten tiles each) were laid out to form a roof. The experiment was 
carried out as described below, with regions in which the uniformity and left-right symmetry of the flow 
across the surface of the model roof were preserved to a certain extent used as the measurement subject 
parameters for gathering leakage water.  
 
   
(a) Type A Q =2.4 /min (b) Type B Q =4.0 /min 
Fig. 1. Wind tunnel and tiled roof                                                        Fig. 2. Rainfall apparatus 
The water leakage experiments were carried out by varying the two types of artificial rainfall apparatuses 
(Type A and Type B shown in Fig.2), as well as wind speed and flow volume. The roof was pitched at a fixed 
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24°, and almost the entire roof tiles (each tile weighing 2.8 kg) were steadily set in place with screws. As is 
shown in Figure 1, the distance from the nozzle to the tiles farthest upstream from the flow was approximately 
170 mm. Water volume was set using a flow meter (flow type, measurement parameters 0.6 – 6 , accuracy 
within 5%). Flow amount was set using a pressure pump (CAP 200 /min, hydraulic head 3.0 m, 0.4 kW) and 
a reservoir tank (CAP 300 ). A total of four fan-shaped nozzles was used to form the spray pattern for the 
Type B artificial rainfall apparatus. Roof tile accelerometer and vibrational frequency measurements were 
carried out using acceleration sensors (ONO SOKKI NP3560, capable of simultaneous measurement along all 
three axes (X, Y, and Z), 10 mm square, weight: 5 g) and recorders/FFT (Fast Fourier Transform) analyzers 
(ONO SOKKI DS-0264, four input channels). Acceleration and vibration measurements were carried out 
along the Z axis (the direction perpendicular to the surface of the roof tiles) and the X axis (the main flow 
direction along the surface of the roof tiles). Two acceleration sensors were used simultaneously and were 
positioned on tiles adjacent to locations judged to be weak against both vibration and scattering in previous 
research [1], [2]. A video camera was used to film the water behavior on the surface and back side of the roof 
tiles as observed during the water leak experiments. 
3. Results and Discussions 
3.1. Water leak phenomenon 
As mentioned earlier, a video camera was used to film and record the water behavior, induced by wind, on 
the surface of tile roofs. During the experiments, water leak phenomena were observed in the inner side of the 
model roof through an acrylic sheathing roof board. As far as measurements of the leak water volumes are 
concerned, the volumes of water collected in bags affixed to the beam tips of the model roof constituted the 
majority of leakage water volume (overall inundation amount). It was discovered that the collected water 
volume which had adhered to the cross-lattice roof stiffeners and the acrylic board represented only a slight 
portion of the total amount of water collected. 
The areas where the water leak phenomena had occurred were same for both types of artificial rainfall 
apparatuses and they were concentrated almost exclusively to the right of the center of the model roof (see 
Figure 3 (a)). Additionally, it was also confirmed that water leak phenomena occurred in areas near the 
sections of the roof farthest from the exit nozzle main flow and slightly to the left. Due to the special flow 
characteristics caused by the shape of the tiles, it was discovered that the areas on the right side in reference to 
the exit nozzle main flow were weak against both vibration and water dispersion. Water leak phenomenon 
was confirmed here also.  The areas in which the occurrence of vibrations and water dispersion have 
heretofore been discovered [1], [2] are shown in the respective regions of Figure 3 (a). These areas coincide 
almost perfectly with the water leakage areas. The water leakage areas shown in Figure 3 (a) display similar 
tendencies as the experiment results shown in Figure 3 (b) obtained using the oil film method [2]. 
Macroanalysis revealed that the overall flow over the whole roof exhibits left–right symmetry, forming a 
nearly uniform flow pattern [2]. However, wind flows caused by nonuniformities in tile shape and by the 
overall roof shape following the thatching process, along with wind flows caused by wind pressure along the 
direction of the inside edges of tiles lying at a 90° angle to the main flow, tended to curve toward the right 
locally [3]. Water blown under (on the inner side of) vibrating tiles was forced into gaps which had formed in 
the thatching along the tile edges. Furthermore, the capillary phenomenon drew rainwater into the seams 
where tiles overlap, one of the reason for water leakage. In addition, it was discovered that unevenness in tile 
laying was another factor in water leakage. 
3.2. Water leakage amounts determined by increases in wind velocity 
In this set of water leakage experiments, two types of artificial rainfall apparatuses were used, and data 
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were obtained under differing wind velocity setting conditions.  Figure 4 shows the water leakage amounts 
(overall inundation amounts) obtained at various wind velocities using both Type A and Type B apparatuses. 
 
                  
(a) Vibration and scattering behavior of roofing tiles (b) Observation by oil film method [2] 
Fig. 3. Water leak area U=20m/s 
           
(a) Results in Type A Q =2.4 /min (b) Results in Type B Q =4.0 /min 
Fig. 4. Relation between water leak and wind velocity 
Water leakage amounts were obtained by finding the average values across each repetition of the 
experiment. Thereafter, the relationship between water leakage amounts and each wind velocity was taken 
into consideration. Experiments using the Type A water cistern were carried out twice at a wind velocity of 
16 m/s, with an average value of 69.5 m  (64 m  and 75 m ); three times at a wind velocity of 20 m/s with 
two usable datasets obtained, with an average value of approximately 351 m  (385 m  and 317 m ); once at a 
wind velocity of 25 m/s, with a value of approximately 1 ; and twice at a wind velocity of 30 m/s, with an 
average value of approximately 3.7  (4.30 and 3.10 ). The average discrepancy of these water leakage 
amounts averaged 9%, with a maximum of within 16%. 
The water leakage amount (overall inundation amount) of 69.5 m  was entered as the QT value in the 
Equation (1) given in the JASS12 specifications for the purpose of finding rainwater inundation amounts 
during strong winds. The wind tunnel exit nozzle width of 1.25 m was entered into this equation as the value 
for W. The results of this equation yielded a rainwater inundation amount during strong winds of 3.7 m /min. 
The divisions of water-tightness judgment standards items for roof thatching materials shown in Table 1 were 
compared with the rainwater inundation amounts during strong winds. The result was a rainwater inundation 
amount during strong winds of 10 m /min or less, which corresponds to a division of II–1. 
WQF T 15/                                                                                                                                                (1) 
Table 1 Criterion of division of water tightness [3] 
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Experiments were carried out at wind velocities of 20 and 40 m/s using the Type B spray-type apparatus 
shown in Figure 4 (b). Experiments were carried out six times at a wind velocity of 20 m/s obtaining five 
usable datasets, with an average value of approximately 1.3  (1.3, 1.1, 1.5, 1.2, and 1.3 ) of confirmed water 
leakage amount.  On increasing the wind velocity to 40 m/s, water leakage amount jumped by several 
thousand percent. Experiments at this higher wind velocity were carried out twice, with an average water 
leakage amount of approximately 18.7  (19.2 and 18.1 ).  The maximum measurement discrepancy was 
within 15.1% and averaged 6%.  Visible vibration and floating displacement were confirmed for tiles on the 
roof surface. The influence of tile vibration was obviously and manifestly present. 
Regarding discrepancies in water leakage amount caused by differences between the two types of artificial 
rainfall apparatuses, it is thought that proper selection of wind and rain conditions in the actual natural 
environment, along with the overall condition of rain and wind, may lead to appropriate water leak judgments. 
3.3. The effect of vibration upon water leak 
In most of the water leak experiments discussed in A. and B., visual observations of water leaks from the 
surface and back side of the model roof formed the bulk of the results. In this set of experiments, acceleration 
values and vibration amplitudes, simultaneously with water leakage amounts, were measured by using an 
acceleration sensor, at various wind velocities. For these measurements, the sampling frequency (analysis 
time length as the FFT time window length) was set at 2048, the resolution points were set at 800 lines, and 
the frequency range (upper limit of frequency analysis) was set at 5 kHz. An example of experimental results 
obtained during this set of water leak experiments is discussed below. 
Figure 5 shows the results of the FFT frequency analysis. As with the acceleration waveform analysis, 
attention was focused along the Z axis for both sensor No. 1 and No. 2. Figure 5 (a) shows vibrational 
frequency for a wind velocity of 16 m/s. No particularly striking peak frequency was confirmed for either 
sensor No. 1 or No. 2. Throughout this set of water leak experiments, it was found that water leak values 
greatly increased at wind velocities of approximately 30 m/s or higher. Figure 5 (b) shows the vibration 
frequency for when water leakage occurred directly under tiles to which the previously mentioned 
acceleration sensors had been attached. Comparatively low vibration frequencies occurred as peak frequencies 
at both approximately 10 and 50 Hz. 
 
          
(a) Results in U=16 m/s Type A (b) Results in U=30 m/s Type A 
Fig. 5. Vibrational acceleration power spectrum for roof tiles 
          
(a) Results in U=16 m/s Type B (b) Results in U=20 m/s Type B 
Fig. 6. Vibrational acceleration power spectrum for roof tiles 
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Figure 6 (a) shows the FFT frequency analysis results for the acceleration waveform. According to 
acceleration waveform analysis, attention for both sensor No. 1 and sensor No. 2 was focused along the Z axis. 
Figure 6 (a) shows vibration frequency for a wind velocity of 16 m/s. No prominent peak frequencies were 
confirmed for either sensor No. 1 or sensor No. 2. Figure 6 (b) shows vibration frequency for a wind velocity 
of 20 m/s. As shown in Figure 5, comparatively low vibration frequencies of approximately 10 Hz and 
approximately 50 Hz appeared as peak frequencies. Although it was not possible to confirm, through visual 
observation, the occurrence of any vibrations which also led to tile floating displacement, it nevertheless 
became clear that comparatively low vibration frequencies occurred even at a wind velocity of 20 m/s. 
Although it was possible to apprehend specific vibration frequency outputs caused by increases in wind 
velocity, more detailed information is given below regarding acceleration occurrence conditions. The results 
showed that at acceleration values of 1.0 m/s2 or greater, water leakage amounts increased dramatically. In 
other words, although it has conventionally been thought that water leakage was caused by water pushed 
under tiles by wind pressure and also by the capillary phenomenon, the fact that water leakage amounts 
increase when tile acceleration is at 1.0 m/s2 or above is an evidence that the influence of acceleration, i.e., tile 
vibration, cannot be overlooked. It was possible to manage both increases in acceleration values as well as 
slight changes in water leakage amounts leading to tendencies toward increased acceleration. 
 
Conclusions 
In this research, a measurement method was introduced using acceleration sensors to the conventional 
water leak test measurement repertoire, focusing on tile acceleration and vibration. Comparatively low-
frequency vibrations, which are believed to exert a great influence upon the tile water leak phenomenon, were 
specified and the vibration mechanism which is believed to greatly affect water leakage was also clarified. 
More specifically, the following three points were discovered in this research: 
(1) Vibration and scattering occurred for tiles laid in place on model roofs which had been subjected to water 
leakage. 
(2) Within the scope of the water dispersion methods and water dispersion amounts used in these 
experiments, quantitative measurement of water leakage amounts caused by increased wind velocities 
was possible. 
(3) FFT frequency analysis revealed that low-frequency vibrations exert a great influence upon tile floating 
displacement and scattering and, as a result, also upon water leak. 
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